PRCII is an avian retrovirus whose oncogene (v-fps) (8, 10, 20) that is closely related to and probably derived from a chicken cellular gene (c-fps) (24, 25) .
PRCII and Fujinami sarcoma virus (FSV) are replicationdefective avian sarcoma viruses which induce sarcomas in vivo and transformation of fibroblasts in vitro. The pathogenicity of these two viruses has been attributed to a single viral oncogene (v-fps) (8, 10, 20) that is closely related to and probably derived from a chicken cellular gene (c-fps) (24, 25) .
In PRCII (3, 5, 18) and FSV (11, 15) , v-fps is fused to a portion of the viral gene gag which encodes the internal structural proteins of the virus. The hybrid gene gives rise to a polyprotein with a molecular weight of 105,000 (P105g"g-fps)
for PRCII and a polyprotein with a molecular weight of 140,000 (P140gag-fps) for FSV. These proteins are translated from mRNAs that are either identical or very similar to the viral genomes (1, 11, 15) . The proteins encoded by v-fps in PRCII and FSV display a protein kinase activity that phosphorylates tyrosine in protein substrates (3).
PRCII is weakly tumorigenic when compared with FSV and transforms cells in culture less effectively (5, 11, 15) . As a step toward the discernment of the molecular basis for this decreased virulence, we have used molecular clones of PRCII viral DNA to determine the nucleotide sequence of vfps and its environs in the genome of PRCII. Our results provide a deduced amino acid sequence for thefps domain of p105gag-fps, reveal the junctions at which v-fps has been joined to the genome of the retrovirus that transduces the gene from the chicken genome, and provide a departure point for the elucidation of the structural determinants of relative virulence in v-fps.
MATERIALS AND METHODS
The isolation and characterization of the molecular clones of PRCII DNA will be described elsewhere (C. Hammond, P. K. Vogt, and J. M. Bishop , manuscript in preparation). The clone of the PRCII genome used for this work is biologically active, giving rise to an infectious transforming * Corresponding author.
virus when it is cotransfected with DNA of a helper virus into chicken embryo fibroblasts. Various restriction fragments of DNA were cloned at random into the M13 phage vectors mp7, mp8, and mp9 (17) and then were subjected to sequence analysis by the chain terminator technique (21) . About 83% of the reported sequence was obtained from both strands of DNA, and over 97% of the DNA templates used for sequencing were overlapping.
RESULTS AND DISCUSSION
Nucleotide sequence of v-fps and adjacent viral DNA in the PRCII genome. Figure 1 shows the outlines of the sequencing strategy. The complete nucleotide sequence of v-fps in a biologically active, molecular clone of PRCII DNA is presented in Fig. 2 . It is portrayed as plus strand of DNA (same polarity as that of the viral RNA genome). Nucleotide 1 represents the second nucleotide of a Sau3A I recognition sequence in the coding domain for the virion protein P27g"g, and nucleotide 2283 refers to the 3'-terminal nucleotide of a Sau3A I site in the U3 domain of the viral genome (6, 22) .
Since the nucleotide sequence of the helper virus that originally transduced v-fps is not available, we are unable to determine definitively the precise recombination site between the transducing virus and the chicken c-fps gene. However, comparison of the genomes of the Prague C strain of Rous sarcoma virus (Pr-C RSV) (22) and PRCII reveals that the 5'-sequenced portion of the PRCII sequence is closely related to the sequence coding for the virion protein P27gav in Pr-C RSV. In contrast, the general topography of the 3'-sequenced portion of our DNA sequence is very similar to that of the Schmidt-Ruppin A strain of Rous sarcoma virus (SR-A RSV) (6, 26, 27) . We therefore deduce the topography of the PRCII sequence by reference to the nucleotide sequences of Pr-C RSV and SR-A RSV.
The nucleotide sequence of PRCII and Pr-C RSV are virtually identical from residue 1 in Fig. 2 point of insertion v-fps ( Fig. 2 and 3 ). When the 3' end of the sequenced portion of the PRCII sequence was aligned with a homologous sequence from SR-A RSV (Fig. 3) or from FSV (Fig. 4) , a possible rightward point of insertion of v-fps emerged within nucleotide positions 1999 to 2017 (Fig. 3) . A similar ambiguity at the rightward point of recombination has been found in FSV (23) . The v-fps insert therefore starts from the leftward recombinatory junction at nucleotide position 302 and extends for 1,698 to 1,716 nucleotides, after which extensive homology with the genome of SR-A RSV resumes within a region not far from the 5'-terminal nucleotide (residue 2042) of a direct repeat noted previously in the genome of SR-A RSV (dr, Fig. 2 ). We conclude that the insertion of v-fps into the genome of PRCII was accompanied by the deletion of the nucleotide sequences that code for the carboxyl terminus of P27g"g, the entire reverse transcriptase gene, and the envelope gene. We can therefore describe the PRCII genome according to established conventions, as follows: 5'-R-U5-Agag-fps-untranslated-U3-R-3' (R represents the short sequence repeated at both termini). The PRCII DNA sequence contains most of the oligonucleotides identified previously in v-fps of FSV, as detailed by Shibuya and Hanafusa (23) .
Reading frame of PRCII v-fps. The reading frame of v-fps in the genome of PRCII is defined by its continuity with the reading frame of gag. The portion of the open reading frame within v-fps starts at nucleotide 302 in Fig. 2 31) , ras (7, 28) , and mos (30) genes; we also know of two apparent exceptions-the v-myb gene of avian myeloblastosis virus, which uses the termination codon of env (13) , and the src gene of RSV, whose 3'-terminal sequence appears to originate from a domain 900 base pairs downstream from the termination codon of the c-src gene (27) .
The predicted amino acid sequence of PRCII v-fps is displayed above the nucleotide sequence in Fig. 2 . It contains 100 amino acids coded by gag, 533 amino acids coded by v-fps, and 1 amino acid at the gag-fps junction. The molecular weight of the v-fps polypeptide is ca. 60,500 and that of the complete gag-fps polypeptide would be ca. 98,100 (assuming that the rest of the 5' portion of gag in the genome of PRCII is identical to that in the genome of Pr-C RSV).
When allowance is made for modification of electrophoretic mobility due to phosphorylation, the size of the gag-fps polypeptide corresponds well to the nominal molecular weight of 105,000 assigned on the basis of electrophoresis in polyacrylamide gels (18) .
Mapping of tryptic phosphopeptides of PRCII P105gag-fPS has revealed that the fps domain of the protein is phosphorylated on both serine and tyrosine residues in transformed cells and is phosphorylated exclusively on tyrosine residues when phosphorylation occurs by apparent autocatalysis in vitro (32). It has recently been shown that the tyrosine residue in PRCII P105gag-jps phosphorylated in vitro is seven residues carboxyl terminal to a basic amino acid and four residues carboxyl terminal to a glutamic acid (19) . Inspection of the deduced amino acid sequence in Fig. 2 reveals that a tyrosine residue at amino acid position 525 fulfills these characteristics. The amino acid sequence of PRCII v-fps contains one serine residue (amino acid position 618) in a sequence that is characteristically recognized by cyclic nucleotide-dependent protein kinase (X-Y-Z-Ser, where X and Y are basic residues and Z is any amino acid residue) (14) . There are also three serine residues (amino acid positions 172, 207, and 553) within acidic environments that favor phosphorylation by casein kinases (12) . We cannot specify which of these serine residues is phosphorylated in the PRCII transforming protein. TGCGCTGCTGCGAAATAAAAGTCGGCTCTGCGGAAATTTGACTGAGATTAGGCTT 4048 ******************************* *** **** * ******** PRCII ******************************* *** **** * ******** The other two v-fps reading frames cannot encode proteins with molecular weights of more than 12,000 because they are frequently interrupted by termination codons. Table  1 shows six small translational frames contained within PRCII v-fps. We make note of these because of recent evidence that v-src may encode not only a 60-kilodalton protein kinase, but a second, 7-kilodalton protein translated from the same mRNA as the 60-kilodalton product (16) . Chicken embryo fibroblasts infected with PRCII contain only a single fps-containing mRNA that has a length similar to that of the viral RNA genome (1). There is, therefore, no evidence that any portion of PRCII v-fps is expressed by translation from a spliced subgenomic messenger.
Recombinational junctions between viral and cellular domains in the PRCII genome. We assume that PRCII arose by recombination between chicken c-fps and an ancestral avian retrovirus (4). The mechanism by which this recombination occurred is at present enigmatic, so we sought clues to its nature by examining the boundaries of v-fps in the PRCII genome. We provisionally determined the 5' and 3' ends of the v-fps insert by identifying points of divergence between the nucleotide sequences of PRCII and Pr-C RSV and of PRCII and SR-A RSV (Fig. 3) . Inspection of the nucleotide sequence in the immediate vicinity of the putative recombinational junctions reveals three pertinent points (Fig. 3) . First, although the 3' end of the PRCII v-fps insert is presently ambiguous, there are two copies of the fournucleotide sequence, CTGC, located at or near both termini of the v-fps insert (at nucleotide positions 302 to 305 and 1998 to 2001 in Fig. 3 ). Besides the four-nucleotide repeat sequence, there is no other rearrangement of sequence (such as direct or inverted repeats) in either viral or cellular DNA adjoining the junctions. Second, there is appreciable homology between the Pr-C RSV genome and PRCII v-fps to the right of the junction between v-fps and gag, but the homology is interspersed rather than contiguous (Fig. 3) . Third, we (23) .
also found appreciable homology between the genome of SR-A RSV and v-fps of PRCII in the vicinity of the putative rightward site of recombination (Fig. 3) . Since there is an ambiguity in the location of the 3' end of the v-fps insert, we cannot reach any decisive conclusion from the homologies. We therefore see little or no evidence in our findings for either homologous recombination or insertion by the mechanisms of transposable elements.
FSV is an independent isolate of a transforming virus containing v-fps. The complete nucleotide sequence of the FSV genome has recently been determined (23) . To explore further the mechanism by which transduction of v-fps occurred, we compared the recombinational junctions in the genomes of PRCII and FSV (Fig. 4) . At the leftward site of recombination, it is evident that different points within gag are linked to the same position in transduced c-fps in PRCII and FSV. By contrast, the 3' ends of PRCII and FSV v-fps seem to be joined to their helper viruses at or near the same site, although the exact location of that site remains ambiguous. The identical junctions within v-fps suggest that PRCII and FSV were derived from a single transduction, followed by extensive modifications (such as deletion, insertion, recombination, and single-nucleotide substitution) in the transducing retroviral genome. Alternatively, PRCII and FSV were formed on separate occasions, possibly by sequence-specific recombinations between v-fps and the helper viruses. Fig. 2 , and numbers for the FSV nucleotide sequence are given according to Shibuya and Hanafusa (23) .
How similar are PRCII v-fps and FSV v-fps? In a search for homology between PRCII v-fps and FSV v-fps, we aligned the nucleotide sequences from PRCII and FSV across the leftward extreme of the v-fps inserts. The nucleotide sequences of PRCII v-fps and FSV v-fps are nearly identical from this position (residue 302 in Fig. 2 ) rightward to residue 617 in the PRCII sequence, where significant divergence of the two sequences emerged. Since previous studies (1, 3, 25) suggested that there is a considerable deletion(s) of the FSV v-fps sequence in the PRCII genome, we aligned the rest of PRCII v-fps with a sequence farther downstream in FSV vfps. Figure 5 shows the best alignment that we have found. It is evident that a major deletion in the v-fps sequence of FSV, comprising 1,020 nucleotides, is located between nucleotide positions 616 and 617 in the PRCII sequence. Thereafter, the extensive homology between the twofps-specific sequences resumes uninterrupted, continuing rightward to their very 3' ends. In the case of FSV, both termini of the sequence deleted in PRCII are flanked by the sequence AGCTGG (Fig. 5) . In contrast, only one copy of the six-nucleotide sequence occurs at the site of deletion in PRCII. This deletion may have been created by homologous recombination between repeated sequences in FSV. However, the fact that the deleted FSV v-fps sequence is flanked by a short repeat sequence opens the possibility that it arose as an insertion whose integration resulted in the duplication of a target sequence (9, 29) . This possibility has been ruled out by the sequence analysis of chicken c-fps (C.-C. Huang, unpublished data), which indicates that the 1,020-nucleotide FSV v-fps sequence is present in the cellular gene. As a consequence of the deletion in PRCII v-fps, PRCII P105gag-fps lacks a sequence of 340 amino acids that is found in the amino-terminal half of the fps domain of FSV P130gagfps (23) .
In addition to the large deletion described above, there are at least 26 single-base changes (Fig. 2) between the PRCII vfps and FSV v-fps sequences, which result in 15 amino acid differences in their respective protein products. Table 2 summarizes the locations of differences in amino acid sequences between the two v-fps genes.
Inspection of the nucleotide sequence of the gag gene adjoining the gag-fps junction in the genomes of PRCII and FSV (Fig. 4) reveals that different points within gag are linked to the same position in transduced c-fps. The gag gene of PRCII contains at least 135 more nucleotides than that of FSV. Figure 6 compares the topography of the fps gene and its flanking viral DNA in the genomes of PRCII and FSV.
Possible explanations for the weak transforming potential of PRCII. PRCII is weakly tumorigenic when compared with FSV, and it transforms cells in culture less effectively (5, 11, 15) . Given the detailed knowledge of the nucleotide sequences of PRCII v-fps and FSV v-fps, we are left with at least three possible explanations for the decreased virulence of PRCII. First, among the scattered differences in amino acid sequences between the transforming proteins of PRCII and FSV (Table 2) , there may exist mutations that account for the difference in biological properties. Second, the deletion in PRCII v-fps may affect a domain that is important for transformation and oncogenicity. Third, comparison of the PRCII and FSV genomes reveals sequence divergence in the gag gene and in the long terminal repeat region (Huang, unpublished data). These differences may have functional consequences. The sequence of gag might affect the structure and behavior of the transforming proteins, and the long terminal repeats of FSV and PRCII might differ appreciably in their strengths as promoters of transcription. Our data lay the groundwork for further explorations of the differences in virulence between FSV and PRCII. These explorations should unveil important principles of how the structure of transforming proteins dictates their function. 
